The mechanismof 2-deoxy-scy//oinosose synthase reaction, a carbocycle formation step from D-glucose-6-phosphate in the biosynthesis of the 2-deoxystreptamine aglycon of clinically important aminocyclitol antibiotics, was investigated with a partially purified enzyme from butirosin-producing Bacillus circulans SANK72073. Nonlabeled and double-labeled d-[4-2H, 3-1 8O]glucose-6-phosphate were used for cross-over experiment, and the oxime-TMSether derivative of the 2-deoxy-scy//0-inosose product was analyzed by GC-MS.The deuterium label at C-4 of the substrate appeared to be retained at C-6 of the inosose product without scrambling of the double-labeled isotopes. Since the transient reduction of NAD+co factor was proved to be essential in the 2-deoxy-scy//0-inosose reaction, the hydride abstraction and returning appeared to take place within the same glucose molecule. The observed kinetic isotope effect was estimated to be kn/kD =2A. These results strongly suggest that this carbocycle formation is catalyzed by a single 2-deoxy-scy//o-inosose synthase enzyme with catalytic requirement of NAD+,the mechanism of which appears to be resembled closely to the 2-deoxy-scy//o-inosose synthase in the Streptomyces fradiae.
2-Deoxy-15i£j//0-inosose synthase is a crucial enzyme in the biosynthesis of a major group of clinically important aminoglycoside antibiotics, in that the enzyme catalyses the intramolecular carbocyclization of D-glucose-6-phosphate (1) into the first non-aminogenous cyclitol 2-deoxy-^cjF//6>-inosose (2) .1 " 3) The latter is ultimately transformed into 2-deoxystreptamine (3) as the central and characteristic aminocyclitol aglycon in these antibiotics.4) The reaction mechanism of this carbocycleforming enzyme has attracted wide attention for quite some time, because 3 is only found in these antibiotics as a product of microbial secondary metabolism.5) We have recently proposed the mechanism of this key enzyme reaction, as shown in Scheme 1, by the use ofa partially purified enzyme derived from a neomycin-producing Streptomyces fradiae IFO 1 3 147.6) Scheme 1. Proposed mechanism of 2-deoxy-scy//o-inosose synthase reaction in the biosynthesis of 2-deoxystreptamine. A saline suspension (0.9% NaCl, 1ml) of Bacillus circulans SANK72073 from a stock slant was inoculated into a 100ml of soy bean meal (SBM) medium consisting of 2% SBMextract solution3) (20g of soy bean meal was extracted with 1 liter of distilled water by autoclaving for 20minutes at 120°C, and then centrifuged at 7,000 rpm for 30 minutes) with supplemented 1 % glycerol (pH 7.5 to 7.7) in a 500-ml Erlenmeyer flask. Cultures were grown on a rotary shaker at 28 to 29°C. After 3 days' cultivation, the cells were harvested by centrifugation (7,000rpmx 1hour, 4°C) and were successively washed with 0.5m NaCl solution and twice with 50mM Tris-HCl buffer (pH 7.5). The cells were then suspended in Tris-HCl buffer (0.5g of wet cells per lml of the buffer), and then sonicated for 10minutes at 0°C in an iced water bath by a Branson sonifier Type 250. The sonicate was centrifuged at 7,000rpm for 1 hour and the resulting supernatant was then fractionated by (NH4)2SO4precipitation in a standard manner. The spectrum of 2-deoxy->sicy//6>-inosose /?-nitrobenzyloxime tetra-O-TMS ether (4) derived from the incubation of nonlabeled 1 showed an intense molecular ion peak at m/z 600 ( Fig. 2-a) , whereas the spectrum of the corresponding oxime-TMS ether derived from [6,6-2H2]-l demonstrated an intense molecular ion peak at m/z 602 ( Fig. 2-b ). This observation clearly indicated that the cell-free reaction system of Bacillus circulans in fact contained 2-deoxy-scy//<9-inosose synthase.
Purification of the Enzyme
In order to elucidate the enzyme reaction more precisely and quantitatively, it was essential to remove any residue of 2 formed in the microbial cultivation. Previously, we encountered in some difficulty in evaluating the possible kinetic isotope effect in the earlier experiments using a partially purified enzyme of Streptomyces fradiae, and some ambiguity has been remained unresolved.6) Therefore, the purification of the 2-deoxy-5'cj//o-inosose synthase enzyme from Bacillus circulans was pursued in this study as described in the Materials and Methods section. TMS-oxime derivative of 2-deoxy-scy//oinosose Cross-over Experiment with Double-labeled Substrate The enzymatically active fraction obtained from the Q Sepharose chromatography was subjected to the cross-over experiment using nonlabeled and doublelabeled substrates. A major issue here was whether C-4 hydrogen retains in the original substrate molecule or it transfers into a different molecule with scrambling. As already reported, the 2-deoxy-scy//<9-inosose synthase reaction requires the presence ofNAD+ , which clearly means the involvement of oxidation (dehydrogenation).13) Further, since the oxidation states of the substrate and the reaction product arejust the same, a reduction step must also been involved in the over-all enzymereaction. It was already pointed out that the most plausible site of oxidation is C-4, since the oxidation at C-4 is advantageous in activating the C-5 position for the removal of proton resulting in enhancement of the phosphate elimination. This crucial chemistry was tackled by using double-labeled substrate, intermediates and/or a co factor would dissociate from the enzyme active site, one would simultaneously observe, in addition to the nonlabeled and double-labeled products, the products of m/z 601 (containing only 2H-label) and m/z 602 (containing only 18O-label) formed by molecular scrambling through cross-over.
Two kinds of substrate preparation was actually subjected to the incubation in the presence of NAD+ co factor with a partially purified enzyme, one of the substrate was solely double-labeled substrate, and the other was a mixture of the double-labeled and nonlabeled substrate in a 7 : 3 ratio. Pertinent molecular ion regions of the mass spectra of the oxime-TMSether derivatives of the incubation products from each substrate mixture are shown in Fig. 3 . The intensities of the resulting relevant ions are summarizedin Table 1 . The spectrum obtained from the incubation of solely double-labeled substrate demonstrates an intense molecular ion at m/z 603 ( Fig. 3-a) . This observation indicates that only double-labeled product was enzymatically synthesized from the double-labeled substrate. The spectrum obtained from the incubation of a mixture of the double-labeled and nonlabeled substrates shows the ion peaks of m/z 600 and m/z 603 in almost equal intensity (Fig. 3-b) . Importantly, no particular ions significantly intensified beyond the natural abundance level were observed at m/z 601 and 602. In other words, the intensities of these ions were within the range of natural isotopomers of the ions ofm/z 600. These results thus verified that the enzyme reaction product from the combined substrate was essentially a mixture of double labeled and nonlabeled products without a presence of either singly 2H-or 18O-labeled product. The observation that the product from the incubation of a 7:3 mixture of double-labeled and nonlabeled substrate was almost a 1 : 1 mixture of the double-labeled and non-labeled product, clearly indicates the involvement of kinetic isotope effect. This may, in turn, support that the reaction (oxidoreduction) at C-4 of substrate is crucial in the 2-deoxy-^cyZ/oinosose synthase reaction in Bacillus circulans. Further, by assuming the extent of conversion is basically due to the kinetic isotope effect, the isotope effect was estimated to be approximately 2.4 for the net reaction based on intensities of each signal between m\z 600 to m/z 606 in the product from the incubation of the 7 : 3 mixture of labeled and nonlabeled substrate.
The kinetic isotope effect of 2-dsoxy-scylloinosose synthase reaction in Bacillus circulans may fall into the same range of the isotope effect estimated for the same enzyme derived from Streptomyces fradiae (kH/kD=2.1) V Thus, the results described above strongly suggest that "2-deoxy-scyllo-inososQ synthase" in Bacillus circulans is a single enzymeand catalyzes the multistep reaction which involves the transient reduction ofNAD+ co factor and aldol-type carbocycle formation as observed in the Streptomyces fradiae enzyme.
